Cyclooxygenases-1 and -2 (COX-1 and -2) catalyze the committed step in prostaglandin formation. Each isozyme subserves different biological functions. This is, at least in part, a consequence of differences in patterns of COX-1 and COX-2 expression. COX-1 is induced during development, and COX-1 mRNA and COX-1 protein are very stable. These latter properties can explain why COX-1 protein levels usually remain constant in those cells that express this isozyme. COX-2 is usually expressed inducibly in association with cell replication or differentiation. Both COX-2 mRNA and COX-2 protein have short half-lives relative to those of COX-1. Therefore, COX-2 protein is typically present for only a few hr after its synthesis. Here we review and develop the concepts that (a) COX-2 gene transcription can involve at least six different cis-acting promoter elements interacting with trans-acting factors generated by multiple, different signaling pathways, (b) the relative contribution of each cis-acting COX-2 promoter element depends on the cell type, the stimulus and the time following the stimulus and (c) a unique 27 amino acid instability element located just upstream of the C-terminus of COX-2 targets this isoform to the ER-associated degradation system and proteolysis by the cytosolic 26S proteasome.
INTRODUCTION
Cyclooxygenases-1 and -2 (COX-1 and -2) 1 , 2 convert arachidonic acid, hydrolyzed from cell membrane phospholipids by a phospholipase A 2 , to prostaglandin endoperoxide H 2 (PGH 2 ), the precursor of the prostanoids--thromboxane A 2 and the prostaglandins (PGD 2 , PGE 2 , PGF 2α and PGI 2 ) (1-4). Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly used to treat inflammation, pain and fever, and these actions are generally attributed to inhibition of COX-2 (5-7). Prostanoids are lipid mediators that normally act in a paracrine and autocrine manner to coordinate intercellular events stimulated by a circulating hormone (1) . Their over-production is associated with pathologies such as tumorigenesis and arthritis whereas atherogenesis is associated with decreased formation of certain prostanoids (8) (9) (10) (11) (12) .
COX-1 and COX-2 are the products of different genes (1, 13, 14) . COX-1 is present in many but not all cell types (15) and when present is usually expressed constitutively. COX-1 gene expression is developmentally controlled and can be upregulated by tumor-promoting phorbol esters or growth factors as seen with primary megakaryocytes and megakaryoblast cell lines (Table 1) (16) (17) (18) (19) (20) . In contrast to COX-1, COX-2 expression is typically transient. Depending on the cell type COX-2 expression can be rapidly induced by bacterial endotoxin (LPS), cytokines such as IL-1, IL-2, and TNF-α, growth factors, and the tumor promoter phorbol myristate acetate (PMA) (1, 13, 14) (Table 2 ). It should be noted that some cells in lung (21), brain (22) and kidney (23) , pancreatic β-cells (24) , and gastrointestinal carcinomas (11, 25, 26) exhibit constitutive COX-2 expression.
Although the COX-1 and COX-2 proteins are highly homologous, they have some obvious sequence and structural differences including different signal peptides and significant sequence differences in their membrane binding domains (1, 3, 4) . Most notably, COX-2 but not COX-1 contains a unique 27 amino acid sequence near its C-terminus ( Fig.1 ). This is an instability element involved in COX-2 protein degradation that is discussed later in this review.
While relatively little information has been published about the transcriptional regulation of the COX-1 gene or the mechanism of COX-1 or COX-2 protein degradation, the regulation of COX-2 gene expression has been investigated rather extensively. In this review, we focus on recent advances in our understanding of COX-1 and COX-2 gene expression and the degradation of COX-1 and COX-2 proteins. primary megakaryocytes and megakaryoblasts (17, 33) (20) as they differentiate during development. COX-1 is also induced by shear stress in HUVEC cells (34) , by bradykinin in the gallbladder (35) , and by estrogen in endothelial cells (36) . Within the 5' flanking region of the human COX-1 promoter there are three functional Sp1 binding sites at -610, -111, and -89 relative to the ATG start site (Fig. 2) . In HUVECs the Sp1 motifs at -610 and -111 contribute to constitutive expression but not to PMA-induced expression of the COX-1 gene (32) . The Sp1 binding site at -111 is required for PMA -induced COX-1 transcription in the megakaryoblast cell line MEG-01 (20) and for estradiol induction of COX-1 in ovine endothelial cells (36) where both the Sp1 site at -111 and to an even greater extent the Sp1 site at -89 are required for COX-1 induction. These three Sp1 sites are the only func tional regulatory elements that have been described within 2 kb upstream of the ATG start codon. However, there is an AP-1 site located in intron 8 of the COX-1 gene that is highly conserved across species and that interacts with the -111 SP-1 site of the promoter to regulate PMA-induced expression of COX-1 in MEG-01 cells (20) .
Regulation of COX-2 gene expression
The human COX-2 gene (Ptgs2), located on chromosome 1, is about 8.3 kb long and has 10 exons. Except for the first exon the intron/exon boundaries of the COX-1 and COX-2 genes are the same (29, 37 ). There are two major transcripts of COX-2--a 4.5 kb full length mRNA and a 2.6 kb polyadenylated variant that lacks the terminal 1.9 kb of the 3'-untranslated region (UTR). The 3'-UTR of the human COX-2 gene contains 23 copies of the 'ATTTA' RNA instability element that participates in post-transcriptional regulation of COX-2 expression (38) . Sequence analysis of the 5'-flanking region of the human COX-2 gene has identified several potential transcriptional regulatory elements, including a peroxisome proliferator response element (PPRE), two cyclic AMP response elements (CRE), a sterol response element (SRE), two nuclear factor kappa B (NF-κB) sites, an SP1 site, a CAAT enhancer binding protein (C/EBP, or nuclear factor for interleukin-6 expression (NF-IL6)) motif, two AP-2 sites, an E-box, and a TATA box (Fig. 2) . The promoter regions of COX-2 genes have sequences of typical immediate early genes (29) .
There are some subtle interspecies differences in the sequences of the human, mouse, rat, cow and horse COX-2 genes. For example, the mouse COX-2 promoter has one NF-κB motif and two C/EBP sites instead of the two NF-κB sites and one C/EBP motif found in the human COX-2 promoter. Transcriptional regulation of the COX-2 gene is very complex in that it can involve numerous signaling pathways, and the mechanism varies depending on the specific stimulus and the cell type. Here, we compare COX-2 gene regulation in several different cell types (Table 2 ) and the regulatory elements ( Fig. 2 ) and signaling pathways (Fig. 3 ) involved in each system.
Transcriptional Regulation of COX-2 in
Fibroblasts-COX-2 expression is upregulated in murine NIH 3T3 fibroblast lines in response to fetal calf serum, PDGF, PMA, v-src (39-41), IL-1β, TNFα, PGE 2 , and PGE 3 ( Table 2 ) (42) . v-Src oncogene-induced COX-2 expression in NIH 3T3 cells is mediated mainly by CREB and AP-1 transcription factors working through CRE-1. AP-1 activity at the CRE-1 is modulated by the Ras/ MEKK-1/JNKK(MKK4)/JNK pathway leading to c-Jun phosphorylation and the Ras/Raf-1/ MAPKK/ERK1/2 pathway that activates secondary response genes such as c-fos that form heterodimers with c-Jun (39, 41) . In addition to the CRE-1 site, there is an E-box element within the mCOX-2 promoter that is also required for v-src-induced COX-2 expression in NIH 3T3 fibroblasts. Serum, PGE 2 and PGE 3 also induce COX-2 mRNA through Ras/JNKand Ras/ERK-mediated signaling pathways (42) . Transcriptional activation of COX-2 by serum, PGE 2 , and PGE 3 requires a C/EBP site and the CRE-1 site; however, the NF-κB site and E-box element are not involved. This indicates that COX-2 gene activation is moderated by distinct combinations of cis-regulatory elements and trans-acting factors that are specific for different stimuli.
Human foreskin fibroblasts (HFF) express COX-2 protein after 2 hrs of PMA treatment and the protein level increases over a 4 hr period (43) . In contrast, serum-treated NIH 3T3 fibroblasts exhibit more transient COX-2 expression lasting just 2 hrs. COX-2 transcriptional activation in PMA-treated HFF is through the CRE-1 and the C/EBP element. In the basal state, C/EBPd binds to both the C/EBP site and the CRE-1. In response to PMA, C/EBPδ at the C/EBP site is replaced by C/EBPβ, C/EBP β-LAP (activating form) or C/ EBPβ-LIP (inhibitory form); binding of C/EBPδ to the CRE-1 site is unchanged even after 4 hr of stimulation. PMA stimulation induces COX-2 gene expression in HFF cells by reducing C/EBPδ protein levels and increasing C/EBPβ phosphorylation which enhances its DNA binding affinity and increases C/EBPβ-LAP binding to the C/EBP element. These changes lead to recruitment of the coactivator p300 to the transcriptional machinery to initiate transcription.
PMA treatment of HFF also induces the binding of the c-Jun/c-fos heterodimer to the CRE-1 site (44) . Stimulation by TNFα relies on the inducible binding of the p65/p50 heterodimer to the NF-kB site (44) (45) (46) . The CRE-1 motif is also bound by CREB2/ATF2 transcription factors; however, their recruitment to the COX-2 promoter does not depend on PMA or TNFα stimulation. In addition to PMA and TNFα, IL-1β and LPS can induce COX-2 expression in HFF (46) . p300 is the predominant transcriptional coactivator in HFF with CBP being barely detectable (46) . p300 and PCAF (p300/CBP associated factor) are recruited by transcription factors that are bound to their cognate cis-elements within the COX-2 promoter. p300 and PCAF direct gene expression by acetylating nearby histone tails leading to a "loosened" chromatin structure that is more accessible to transactivators. HDAC-1 (histone deacetylase-1), on the other hand, cleaves acetyl moieties from histone tails and thus negatively regulates COX-2 expression. A balance between acetylation and deacetylation is required to maintain COX-2 expression at physiologically relevant levels (46) . IL-1α induces COX-2 expression in human intestinal myofibroblasts (47) . Activation of protein kinase C (PKC), NF-κB, ERK-1/2, and JNK are all required for optimal COX-2 transcriptional activation whereas p38 activation is involved in stabilizing COX-2 mRNA. COX-2 mRNA levels increase after 1 hr of IL-1α treatment peak at 8 hr and then remain the same for the next 16 hr. COX-2 protein expression is observed after 4 hr of IL-1α stimulation and is maximal at 16-24 hr. In contrast, with serum induction, COX-2 mRNA levels decrease to baseline after 4 hr.
In human synovial fibroblasts, IL-1β treatment also results in prolonged expression of COX-2 which is mediated by mRNA stabilization involving p38 MAP kinase (48) . IL-1α stimulation induces binding of p65/p50 to the NF-?B motif and of AP-1/ATF transcription factor to the CRE-1 while binding of nuclear proteins to the C/EBP site is not inducible.
Transcriptional Regulation of COX-2 in Endothelial Cells-LPS
and PMA act synergistically to induce COX-2 mRNA in bovine arterial endothelial cells (BAECs) (49) . This COX-2 transcriptional activation is mediated by the NF-κB and C/EBP elements and unlike in fibroblasts, the CRE-1 motif appears not to be required. However, the CRE-1 element is required for COX-2 induction when C/EBPδ is activated independently (i.e. by transfection), suggesting that there is an interplay between the CREB and C/EBPδ transcription factors bound to their cognate sites during COX-2 gene activation.
COX-2 expression and prostaglandin synthesis in human umbilical vein endothelial cells (HUVEC) can be stimulated by physical stimuli and by agents, such as, PMA, IL-1β, TNF-α, LPS, vascular endothelial growth factor (VEGF), thrombin, hypoxia, vanadate (an inhibitor of protein-tyrosine phosphatases), cholesterol deprivation and platelet-derived thromboxane A 2 (Table 2) (50) (51) (52) (53) (54) (55) . Hypoxia causes increased binding of p65 to the proximal NF-?B site of the COX-2 promoter in HUVEC without influencing the levels of cytoplasmic p65 or I?Ba , an inhibitory protein that binds cytoplasmic p65/p50. Promoter deletion analysis implicate other regulatory cis-elements and their cognate transcription factors such as C/EBP, AP-1, and the CRE-1/E-box in this response, however their roles have yet to be determined. Hypoxic HUVEC also exhibit nuclear localization of Sp1 while Sp3 protein levels are unaffected, thus elevating the Sp1/Sp3 ratio in the nucleus. Sp1 and Sp3 protein bind to the SP1 motif in the COX-2 promoter and mediate COX-2 transcription (51). High concentrations of cholesterol down regulate COX-2, whereas cholesterol deprivation upregulates COX-2 gene expression in endothelial cells. Cholesterol-dependent COX-2 regulation is mediated by sterol response element binding protein (SREBP) through an SRE located at -422 from the transcription start site (55).
Transcriptional Regulation of COX-2 in Smooth Muscle Cells-Bradykinin
(BK) binds to specific cell surface G protein-coupled receptors and induces COX-2 expression in human pulmonary artery smooth muscle cells (HPASMC) (56) . COX-2 mRNA increases 2 fold after 1 hr of BK treatment and returns almost to basal levels within 4 hrs indicating that COX-2 gene activation is transient in this system. BK-induced COX-2 expression is transcriptionally regulated by CREB binding to the CRE-1 motif. COX-2 transcription is also activated by cytosolic phospholipase A 2 (cPLA 2 )-mediated arachidonic acid release and an autocrine loop involving the action of endogenous PGE 2 on G s -linked EP2 and EP4 receptor s (56, 57) . BK activates IL-1β mRNA expression in human lung fibroblasts by activating NF-κB, and in HeLa cells BK activates C/EBP during IL-8 gene expression. However, COX-2 gene activation by BK in HPASMC does not involve either the NF-?B or C/EBP motifs. Thus, BK can induce transcription in a gene-and transcription factor-specific manner.
BK and IL-1β activate COX-2 expression in human airway smooth muscle cells (HASM) in a stimulus-specific manner (57) . BK induces COX-2 protein expression more quickly (1 hr) than does IL-1β (2 hr). BK induction is also more transient -COX-2 protein disappears within 16 to 24 hrs. With IL-1β-stimulated COX-2 protein can be sustained beyond 24 hrs. Both stimuli involve CREB, but not c-Jun binding to the CRE-1 element. However, IL-1β induced COX-2 transcription requires two other cis-elements, the NF-κB and the C/EBP sites, for maximal COX-2 gene expression. COX-2 transcriptional regulation by BK and IL-1β involving different sites in the COX-2 promoter may due to the different chromatin structure resulting from different patterns of histone modification (57, 58) .
While NSAIDs inhibit COX activity, there has been speculation that they induce COX-2 expression in HASM (59) . Indomethacin, flurbiprofen, NS-398 (a selective COX-2 inhibitor) and 15d-PGJ 2 induce COX-2 expression and enhance IL-1β-induced COX-2 expression through the peroxisome proliferator response element (PPRE) in the COX-2 promoter. NSAID treatment causes nuclear translocation of PPARγ but not NF-κB in HASM cells. PPARγ binds to the PPRE of the COX-2 promoter and can transactivate the gene.
Transcriptional Regulation of COX-2 in Epithelial Cells-In contrast to what is
reported for NSAID-treated smooth muscle cells, PPARγ ligands such as ciglitazone and 15d-PGJ 2 inhibit PMA-mediated induction of COX-2 in human mammary epithelial cells (184B5/HER) (60) . PMA-stimulated COX-2 induction in these cells is mediated by the CRE-1. PMA treatment leads to c-Jun, c-Fos, and ATF-2 binding to the CRE-1 site; this can be prevented by PPARγ ligands by inhibition of AP -1 activity. PMA treatment activates PKC, ERK-1/2, p38, and JNK signaling pathways in human mammary epithelial cells. Activated ERK-1/2 induces c-fos expression, p38 phosphorylates ATF-2 and ATF-2 dimerizes with c-Jun and induces more c-Jun expression. Activated JNK both induces c-Jun expression and phosphorylates c-Jun, allowing it to activate COX-2 gene expression. PMAinduced COX-2 transcription in this system also requires a functional CBP/p300 coactivator complex having HAT activity. Retinoic acid (RA) and other nuclear receptor ligands, and carnosol, a phenolic antioxidant isolated from rosemary oil, suppress PMA-mediated COX-2 transcription. RA is thought to downregulate COX-2 expression by a receptor-dependent mechanism whereby the ligand-bound receptor complex sequesters the CBP/p300 that is available for AP-1 mediated induction of COX-2. Carnosol reduces binding of AP-1 to the CRE-1 element by inhibiting PKC, ERK1/2, p38, and JNK signal transduction pathway (61) .
Helicobacter pylori and PMA stimulate transient COX-2 transcription (1.5 hr to 4.5 hr after stimulation) in human gastric epithelial cells (hGECs) through the CRE-1/E-box, but not via the C/EBP, AP-1 or NF-κB sites (62) . Helicobacter pylori activates the MEK-1/2 kinase cascade, which in turn activates CREB and USF-1/2 transcription factors. Unlike in PMAstimulated HER cells, in hGECs CREB protein but not c-Jun binds to the CRE-1 site. USF-1/2 binds to the E-box and activates COX-2 gene transcription. Helicobacter pylori treatment does not require any cis-regulatory element other than the CRE-1/E-box element. Whether there are interactions between CREB and USF-1/2 transcription factors bound to this site remains to be determined.
Transcriptional Regulation of COX-2 in Granulosa
Cells-Prostaglandins play important roles in several aspects of female reproduction. For example, follicular prostaglandin levels increase dramatically prior to ovulation (63) and NSAIDs such as indomethacin block ovulation (63) . COX-2 deficient female mice are infertile because of problems with ovulation, fertilization, implantation and decidualization (64) .
COX-2 is induced by gonadotropins in granulosa cells prior to ovulation, and also by forskolin, follicle-stimulating hormone (FSH), luteinizing hormone (LH), and phorbol didecanoate all acting through the protein kinase A (PKA) signaling pathway (65) (66) (67) (68) (69) . The duration of COX-2 induction in granulosa cells varies from 2-4 hr in rats to 18-30 hr in cows and mares. Bovine and rat COX-2 promoter analyses revealed that the proximal 150-200 bp upstream of the transcriptional start site is sufficient to confer inducible promoter activity. This region of the COX-2 promoter contains the C/EBP, CRE-1 and E-box elements, and mutational analyses have suggested that only the E-box element is required for promoter activity in rat granulosa cells but that both the C/EBP and E-box elements are required in bovine granulosa cells. Antibody supershift EMSAs have established that USF-1 and USF-2 bind to the E-box element of both the bovine and the rat COX-2 promoters and that gonadotropin treatment has no effect on the binding of protein complexes to the E-box. In contrast, C/EBPβ binds to the bovine C/EBP site in the absence of stimulation and gonadotropin treatment decreases C/EBPß binding. However, in rat granulosa cells, there is no C/EBPβ binding to the C/EBP site prior to treatment but C/EBPβ binding rapidly increases upon treatment with gonadotropin (68, 69) . This difference may explain the molecular basis for the variation in the duration of COX-2 expression among species.
Recent studies have indicated that phosphorylation of members of the upstream signaling factor (USF)-transcription factors is involved in the regulation of COX-2 promoter activity in granulosa cells (70) . PKA-mediated USF phosphorylation increases USF binding to the E-box promoter element thereby enhancing COX-2 promoter activity. In contrast, activation of the PKC pathway with PMA had no stimulatory effect on the COX-2 promoter. Thus, activation of the cAMP/PKA pathway by luteinizing hormone and consequent phosphorylation of USF proteins that bind to the E-box appears to be essential for induction of COX-2 in granulosa cells.
Transcriptional Regulation of COX-2 in
Bone-COX-2 plays a significant role in bone resorption and formation. The regulation of COX-2 expression has been extensively studied in MC3T3-E1 osteoblasts. MC3T3-E1 cells established from newborn mouse calvaria, have the capacity to differentiate into osteoblasts and osteocytes and to form calcified bone tissue in vitro. COX-2 can be up-regulated by many stimuli in MC3T3-E1 cells including BMP-2, bFGF, EGF, TGF-α/β, IL-1, TNF-α, PTH, thrombin, bradykinin, forskolin, epinephrine, and prostaglandins (PGI 2 , PGE 2 , PGF 2 α) or their stable analogues ( Table 2 ) (29, 71-75).
TNF-α treated MC3T3-E1 cells exhibit a triphasic change in COX-2 mRNA expression. There is an initial increase that reaches a maximum 2 hr after TNF-α stimulation. This is followed by a decrease at 3 hr, and then a second increase in COX-2 mRNA at 6-12 hr. The second increase is due to PGE 2 produced by the COX-2 formed in the first phase (73) . Binding of p65/p50 to the NF-κB site and C/EBPβ to the C/EBP-1 site at 1 hr are necessary for TNF-α induced COX-2 expression in MC3T3-E1 osteoblasts. However, different transcription factors and cis-elements may be involved during the first and second increases in COX-2 transcription. bFGF, PDGF, PGE 2 or a combination of TNF-α and IL-1β stimulation causes after 4 hr the activation of c-Jun, MEKK and JNK signaling pathways in MC3T3-E1 cells (74) . Promoter analysis identified a second C/EBP motif in the murine COX-2 promoter that is required together with the C/EBP-1 site for optimal promoter activity. C/EBPβ and C/EBPδ transactivate murine COX-2 gene expression via C/EBP sites. The CRE-1 element is necessary for COX-2 transcriptional activity while neither the NF-κB site nor the E-box are not required for bFGF, PDGF, PGE 2 , or TNFα+IL-1β induced COX-2 expression in MC3T3-E1 osteoblasts.
When MC3T3-E1 cells are treated with PMA or serum for 3 hr, the -371/+70 region of the COX-2 promoter, which does not include the CRE-2 or the NF-?B sites, is sufficient to activate COX-2 transcription (75). PMA or serum treatments cause inducible binding of cJun and c-fos to the AP-1 site and constitutive binding of nuclear protein to the CRE-1 site. This suggests that there is a cooperative interaction between transcription factors bound to the AP-1 site and the CRE-1 in trans-activating COX-2 transcription. The CRE-1 is quantitatively more important for the serum response and the AP-1 site is more important for the PMA response (75).
Mechanical loading is crucial for maintaining bone mass and integrity. This generates extracellular matrix deformation and fluid flow. Mechanical stimuli such as loading and fluid shear stress cause the production of signaling factors. In bone forming cells, prostaglandins are formed that modulate the overall process of bone metabolism. Fluid sheer stress induces COX-2 expression through a process involving the activation of a cytoskeleton-associated Ca 2+ channel, phospholipase C, PKA, PKC and phospholipase A2 (76, 77) . COX-2 mRNA levels increase after 1 hr of fluid sheer stress and show a sustained increase for up to 9 hr of treatment. Sustained COX-2 gene activation likely occurs via the PKA pathway. The CRE-2, NF-κB, C/EBP-2 and E-box appear not to play roles in fluid sheer stress-mediated COX-2 transcription in MC3T3-E1 cells. Instead, the process involves the C/EBP-1 site bound inducibly by C/EBPß, the AP-1 element bound inducibly by c-Jun/ AP-1 transcription factors, and the CRE-1 constitutively bound by CREB. This is similar to the mechanisms by which PMA and serum induce COX-2 gene activation.
Transcriptional Regulation of COX-2 in Monocytes/Macrophages-
Monocytes/macrophages are crucial to the development of the immune response because of their ability to present antigens and secrete mediators of inflammation including cytokines and prostaglandins. These products regulate cell proliferation, differentiation, and, in general, the acquisition of immune functions. Regulation of prostaglandin synthesis in monocytes is important in immune responses Human U937 monocytic cells undergo morphologic and functional changes and differentiate to macrophage-like cells when treated with PMA. U937 cells do not express COX-2 mRNA or protein in the undifferentiated state, but during differentiation, low levels of COX-2 are expressed. COX-2 is further induced by inflammatory stimuli such as LPS, TNF-α, or IL-1 ( Table 2 ) (78). LPS-induced COX-2 expression in U937 cells involves the CRE-1, the C/ EBP site and the downstream NF-κB elements.
Platelet microparticles (MP), formed by platelet activation, also activate COX-2 gene expression and lead to prostaglandin production in U937 cells (79) . MP activates PI-3-kinase resulting in the transient activation of several PKC isoforms (PKC-β/δ/ς/?), ERK-1/2, p42/p44 MAPK, p38, and the sustained activation of JNK-1 as well as activation of c-Jun and Elk-1 transcription factors. Curiously, MP-induced COX-2 expression does not involve the CRE-1.
Prostaglandins play a role in complications of diabetes such as hyperglycemia, accelerated atherosclerotic and inflammatory disease, oxidant stress and the formation of advanced glycation end products (AGEs) (80) (81) (82) . High glucose (HG) or AGE treatment of THP-1 monocytic cells, which are similar to U937 monocytes, leads to a significant increase in COX-2 mRNA and protein. The increase in COX-2 mRNA is predominantly due to transcriptional upregulation (81) . AGEs act via the RAGE (receptor for AGE) and both AGEs and S100b, a specific ligand for RAGE, activate multiple signaling pathways including those involving p38, MEK/ERK, oxidant stress, PKC, and NF-κB; however, the JNK pathway is not activated in THP-1 cells in response to AGEs (82) . Interestingly, AGEs and S100b induce COX-2 via the distal NF-κB site (-455/-428) while HG induces COX-2 transcription via the proximal NF-κB site (-232/-205) (80) .
HG treatment of THP-1 monocytes activates PKC and the p38 MAPK pathway but not the ERK or JAK-STAT pathways. HG-induced COX-2 expression requires the CRE-1 element and activation of the CREB transcription factor as well as NF-?B activation (80) . The association of CBP/p300, p/CAP (p300/CBP associated protein) and the p65 NF-?B transcription factor with the COX-2 promoter were evaluated by chromatin immunoprecipitation assays (ChIPs) with HG treated THP-1 cells (81) . CBP, p/CAP, and p65 are recruited to the COX-2 promoter sequentially. p65 and CBP association occurs after 16 hr of HG treatment, peaks after 24 hr, and decreases at 48 to 72 hr. p/CAP and p50 are recruited to the COX-2 promoter in parallel, appear as early as 16 hr after HG stimulation, increase over time, and remain elevated at 72 hr. The transcriptional repressor, HDAC-1 is associated with the COX-2 promoter under basal conditions. After HG treatment, the association decreases with time as the binding of CBP increases. This suggests that recruitment of activated transcription factors such as p65 to the COX-2 promoter after HG stimulation in THP-1 monocytes is enabled by dissociation of HDAC-1 from the promoter.
The murine macrophage cell line RAW 264.7 has been used extensively as a model for examining macrophage activation and the inflammatory response. Various inflammatory mediators and cytokines, catalase, peptidoglycan (a cell wall component of gram-positive bacteria), double-stranded RNA, viral infection, and LPS stimulate COX-2 induction and prostaglandin formation in RAW 264.7 macrophages (29, (83) (84) (85) .
LPS forms a complex with LPS-binding protein (LBP) and this complex interacts with a monocyte differentiation antigen CD14 (86) (87) (88) . The binding of the LPS/LBP complex to CD14 and the toll-like receptor 4 (TLR4) induces receptor dimerization. Members of the toll-like receptor family recognize conserved microbial structures such as LPS. LPS activates multiple signaling pathways that are critical for induction of the immune response causing the release of TNF-α, IL-1β, and prostaglandins from macrophage and monocyte cells (89) . Upon receptor dimerization, the intracellular Toll/IL-1R (TIR) domain of TLR4 associates with two pairs of adaptor proteins: (a) myeloid differentiation factor (MyD88) plus in IL-1R associated kinase (IRAK) and (b) Toll/IL-1R domain-containing adaptor inducing IFN-β (TRIF; TICAM-1) plus TRIF-related adaptor molecule (TRAM). This facilitates the assembly of the toll receptor complex (90, 91) . MyD88/IRAK recruits TNF receptor associated kinase-6 (TRAF-6), and the evolutionarily conserved signaling intermediate in toll (ECSIT) (87, 88) , leading to activation of transforming growth factor β-activated kinase (TAK-1), which is a MAPKKK that initiates JNK, ERK, and p38 MAP kinase cascades. TRAF-6 can also activate the IκBα kinase complex (IKK) through NF-κB inducing kinase (NIK), leading to NF-κB activation (88) . In RAW 264.7 macrophages, activated MAP kinases and NIK up-regulate COX-2 expression as well as expression of other pro-inflammatory cytokines (89) . Another signaling pathway, which is MyD88 independent, and involves TRIF/TRAM adaptor proteins leads to delayed NF-κB activation (90, 91) .
It has been shown that COX-2 induction in LPS-stimulated RAW 264.7 cells consists of an early phase of rapid induction of COX-2 mRNA expression after 1 hr of LPS-treatment followed by a phase of sustained mRNA expression (92) . It was suggested that these different phases of mRNA expression required different sets of transcriptional activators. Consistent with this idea, the early phase of COX-2 expression was shown to be independent of de novo protein synthesis, whereas in the second phase, synthesis of C/EBPδ was required. Furthermore, a C/EBP β homodimer was bound to a C/EBP element in the initial phase while a C/CBP β·δ heterodimer bound to the C/EBP element during the second phase (92, 93) . It has also been demonstrated that CREB and NF-κB are important in LPS-induced COX-2 transcription in RAW 264.7 cells. Taken together, these studies suggested that the NF-κB and C/EBP sites and the CRE-1 are important for regulating COX-2 transcription in LPS-stimulated macrophages and that COX-2 transcription in this system consists of several phases that lead to persistent gene activation (Fig. 4) .
Using nuclear run-on assays, RT-PCR and northern blot analyses we have shown recently that COX-2 gene transcription is rapidly increased and sustained during the 12 hr after LPS stimulation in RAW 264.7 cells (94) . These findings indicate that COX-2 is mainly regulated at the transcriptional level in this system. In addition to a previously identified CRE-1, we identified a second functional cAMP response element (CRE-2) within the COX-2 promoter. The CRE-2 is constitutively bound by CREB. On the other hand, the p65/ p50 heterodimer inducibly binds to the NF-κB site after 1 hr of LPS treatment but after 4-12 hr is replaced by p50 homodimer (94) . Thus, it is possible that the p65/p50 heterodimer together with CREB is required to initiate COX-2 gene transcription, and the p50 homodimer together with CREB is required to sustain the activation by interacting with a different set of transcriptional coactivators. It will be important to determine if there is a cooperative interplay between the factors bound to the CRE-2 and the NF-κB site in the COX-2 gene promoter.
We also found that an AP -1 element is required for optimal induction of COX-2 in LPSstimulated RAW 264.7 cells (94) . Consistent with what has been observed in PMA-treated MC3T3 cells, the CRE-1 site is constitutively bound by CREB/ATF transcription factor family members and the AP-1 element is inducibly bound by phosphorylated c-Jun and c-fos in the initial phase and by phosphorylated c-Jun dimers at the late phase of COX-2 transcription in LPS-treated RAW 264.7 macrophages (94) . It is clear that COX-2 gene transcription is activated through multiple redundant mechanisms by LPS in macrophages. Fig. 4 provides a model of the events occurring at different times at the COX-2 promoter after treating RAW264.7 cells with LPS.
COX-1 and COX-2 protein degradation
There are large differences between the t 1/2 values for the degradation of COX-1 and COX-2 proteins (26, (95) (96) (97) (98) (99) . In several different cell types, co-expressing the enzymes, COX-1 degradation is slow or undetectable while the t 1/2 for COX-2 protein degradation varies from 2-7 hr. These studies suggest that COX-2 degradation is specifically programmed to limit the amount of COX-2. There is anecdotal evidence that prolonged, overexpression of COX-2 is not well tolerated by certain types of cultured cells (R. Langenbach, personal communication), and COX-2 overexpression in vivo is associated with pathologies such as colon cancer (100-104).
COX-2 is embedded in the luminal membrane of the ER. Its degradation appears to involve processing of the N-linked oligosaccharide at Asn594, unfolding presumably by ER chaperones such as BiP and calnexin, retrograde transport to the cytoplasm via the ERassociated degradation (ERAD) system (105) (106) (107) (108) (109) (110) (111) (112) , and finally ubiquitination and proteolysis by the 26S proteasome (26, 98, 99, 113) (Fig. 5) . There is no literature on the mechanism of COX-1 degradation; however, both COX-1 and COX-2 are localized to the luminal surfaces of the ER and associated membranes of the nuclear envelope (114-119) and share many structural properties.
The molecular basis for the differences in the stabilities of COX-1 and COX-2 is due in part to the presence of a 27 amino acid instability element (27-IE) that is located near the Cterminus of COX-2 but absent from COX-1 ( Fig. 1) (99) ; the 27-IE has no sequence or structural parallels in GenBank or the Protein Data Bank. We have recently found that a functional N-glycosylation site present at Asn594 (120, 121) is involved along with at least some other segments of the 27-IE with entry into the ERAD pathway (99) . Presumably the oligosaccharide at Asn594 undergoes modification involving addition and cleavage of glucose and mannose residues generating part of the tag for entry into the ERAD pathway (107) (108) (109) 122) .
NSAIDs and COX-2 inhibitors retard COX-2 protein degradation in 3T3 cells and in HEK293 cells expressing COX-2 heterologously, and COX-2 degradation can be promoted by substrate turnover in a manner that is independent of the 27-IE of the enzyme (unpublished observations). Thus, there appears to be a second pathway for COX-2 degradation. Substrate turnover by COXs leads to their suicide inactivation and attendant denaturation (123, 124) . This second pathway could be initiated by suicide inactivation of COX-2. It is possible that this could also occur with COX-1.
CONCLUDING COMMENTS
Regulation of COX gene expression is a complex process that varies in different cell types and even between the same cell types in different species. COX-1 and COX-2 genes are activated by a wide variety of stimuli acting through numerous signaling pathways and the relative contribution of each depends upon the stimulus, the cell type, and the time of stimulation. These factors and conditions determine which transcription factors are associated with the COX gene response elements. Although we now have a general understanding of the factors involved in COX-2 gene regulation, the interplay between the various regulatory transcription factors remains to be elucidated. At least some of the broad features of COX-2 protein degradation are now known. It will be important to characterize the pathways of COX-2 protein degradation involving both the 27-IE and substratedependent suicide inactivation. Both isoforms have a signal peptide (SP), an epidermal growth factor (EGF)-like domain, a membrane-binding domain (MBD), and a catalytic domain. PGHS-2 has a shorter signal peptide than PGHS-1. The C-terminal PTEL and STEL sequences of PGHS-1 and PGHS-2, respectively, are ER targeting signals. The N-glycosylation sites are also shown; note the additional N-glycosylation site at Asn594 in PGHS-2. R120, Y385 and H388 are important catalysis; S530 is the aspirin acetylation site; the amino acid sequence of the 27 amino acid instability element (27-IE) comprising residues 586-612 is shown in blue. Numbering for PGHS-1/COX-1 begins with the Met at the translation start site. The numbering for PGHS-2/COX-2 parallels the COX-1 numbering in which the start of the mature, processed COX-2 protein has the same number as the start of the mature, processed COX-1. Cis-acting elements found within the COX promoters are noted in the shaded boxes and their location relative to the transcriptional start site are noted above or below each element. Note that the COX-1 promoter lacks a TATA box. The correct designations for the COX-1 and COX-2 genes are Ptgs1 and Ptgs2, respectively.
Fig. 3. Signaling Pathways involved in PGHS-2/COX-2 gene induction
The figure illustrates the numerous signaling pathways that can be involved in the transcriptional regulation of PGHS-2/COX-2 expression. As detailed in Table II , only certain of these pathways are operative in individual cell types. As reported previously (94) , during the first 4 hr of LPS treatment (Fig. 4B) , we have proposed that CREB bound at CRE-1 and CRE-2 becomes phosphorylated enhancing the recruitment of CBP and p300 coactivators. The 65/p50 heterodimer is the major species bound to the NF-κB site and p65 is presumably phosphorylated, and the C/EBPβ homodimer binds to the C/EBP element. In the proximal region of the COX-2 promoter a heterodimer of newly phosphorylated c-Jun/c-fos becomes bound to the AP-1 site. Phosphorylated p65, C/ EBPβ, and phosphorylated c-Jun have all been shown to interact with CBP/p300. This suggests that the various activated transcription factors acting in concert may be recruiting Pathways for PGHS-2/COX-2 protein degradation. 
